Abstract: During the iron ore sintering process, two types of particles are present in the sinter bed: (1) fines, which are actively taking part in melting and the formation of secondary phases, and (2) coarse ores, which are partially interacting with the surrounding melt. The quality of the final sinter is particularly determined by the secondary phases and their bonding ability. Due to chemical differences between the fines and coarse particles, knowing the overall chemical composition of the sintering blend is not sufficient to estimate the final sinter microstructure. In this study, different ore types were used to prepare iron-rich, high-alumina, and high-silica blends, which were sintered in a laboratory sinter pot to investigate the behavior of fine as well as coarse particles. As a result, very different sinter matrices formed depending on the useful basicity in each sinter. The density, mineral nature, and the gangue of the ore affected coarse ore assimilation.
Introduction
The ferrous raw materials for the modern blast furnace ironmaking route are natural or pre-treated iron ores, which are mostly supplied in a fine-grained form. Regarding the grain size, powdery ore particles are processed by pelletizing, while ore fines with a wider size distribution up to 10 mm are better for use in the sinter plants. Utilization of almost all fine-grained waste materials from the ironmaking route is advantageous for sintering since this reduces the processing price. Furthermore, changing the composition (e.g., the basicity-CaO/SiO 2 ratio), according to the current blast furnace charge requirements, makes the sintering process the most important fine iron ore coarsening method [1] .
For typical sintering, ore concentrates, and iron ores without any previous enrichment are used. The quality of the latter, known as the sintering ore, is highly dependent on the quality of the mined deposit. Moreover, the gangue content of iron ores is constantly increasing. Therefore, sinter ores with higher silica and alumina content are being considered for use or are already being processed [2] [3] [4] [5] .
Currently, the regional iron ore market conditions lead to the use of high-gangue ores. The sintering of high-SiO 2 iron ores is typical for the region of Central Europe and Eastern Europe, where iron ores from Ukraine and Russia are processed. The silica content in the final sinter reaches 7-10 wt % SiO 2 [6] . Another region with high-gangue sintering is India, where the domestic high-alumina iron ore is consumed. As a result, sinters in Indian blast furnaces contain 3-5 wt % Al 2 O 3 [7] . Another ore type of increasing importance, which is typical for some ironmaking facilities in China, comprises magnetite ores containing vanadium, titanium, and chromium admixtures [8, 9] . Lastly, the sinter quality is highly dependent on and determined by the properties of the phases, which the sinter consists of.
The mineralogy of iron ore sinters is quite complex. The main phases are the iron oxides magnetite and hematite in an unreacted primary form or as secondary phases formed by reactions or precipitation from the melt. As typical secondary compounds in lime-fluxed iron ore sinters, calcium ferrites and calcium silicates form the sinter matrix. Recent works dealing with the mineralogy of iron ore sinters mostly focus on the complex calcium ferrite phase [10] [11] [12] . During the ferrite formation process, silica and alumina enter the structure, which results in crystallization of aluminosilicoferrites of calcium (often referred to as SFCA, short for silico-ferrite of calcium and aluminum). In the currently produced high-basicity sinters, two homologues of SFCA are present: Ca 2 (Ca,Fe,Al) 6 (Fe,Si,Al) 6 O 20 and Ca 3 (Ca,Fe) 2+ (Fe,Al) 3+ 16 O 28 , denoted as SFCA and SFCA-I, respectively [13] . These phases are considered the most important for the sinter properties. Furthermore, other calcium ferrite types or homologues related to SFCA and SFCA-I have been investigated: Ca 2.9 Fe 10.5 Si 0.6 O 20 [14] , Ca 2 (Ca,Fe,Mg,Al) 6 (Fe,Si,Al) 6 O 20 [15] [18] . The conditions for the formation of the secondary phases are already partially determined before the sintering process. One of the important factors is the size distribution of the particles in the sinter blend. The ore fines are mixed together with fluxes as well as fuel, and are subsequently granulated with the addition of a little water, which forms granules with different sizes. During this process, coarser ore particles act as nuclei, on which the remnants of adhering fines are balled. The heat released by the burning fuel melts the finest particles and the melt then partially penetrates the nuclei surface. As a result, secondary phases formed by chemical reactions during sintering and are crystallized from the melt bind the unreacted coarse nuclei into the sintered product [19] .
There is a history of efforts to understand the roles of ore fines and coarse particles in assimilation and matrix formation in the scientific literature [20] [21] [22] [23] [24] . However, most of it is based on experiments conducted in laboratory-scale electric furnaces. Thus, the real sintering conditions are only approximately simulated. In this study, real sintering materials are used for sintering in a pot with internal heating via fuel mixed into the sintering mixture. The advantages of pot sintering compared to electric furnaces are as follows: (i) there is no need to simulate the atmosphere, which changes during the process, and (ii) natural ores with original size distributions of the particles can be used. On the other hand, the amount of sintering mixtures used in this study is small enough to enable a more detailed material-oriented research rather than a technical report.
This work focuses on describing the differences between the chemical compositions of fine and coarse ore particles, which act as the adhering layer and nuclei of sinter granules, respectively. For this purpose, three different scenarios are compared: low-gangue, high-Al 2 O 3 , and high-SiO 2 mixtures. At the same time, the influences of adhering layers and nuclei particles are investigated during the formation of new phases and phase assemblages when sintering.
Materials and Methods

Raw Materials
For the experiments, three iron ores were chosen including one Brazilian (Carajás) and two Ukrainian ores (Sukha Balka and Zaporozhskiy). The overall chemical composition of the ores is shown in Table 1 . The ore from Carajás is a high-grade iron ore with only low gangue content, which is mainly silica and alumina (1.40 and 0.67 wt %, respectively). It is noteworthy that the contents of TiO 2 and manganese (0.18 and 0.54 wt %, respectively) are a little higher compared with the usual values for iron ores.
The Sukha Balka ore is a high-SiO 2 iron ore in which the silica content exceeds 10 wt %. This high gangue value makes the Ukrainian ore extraordinary in comparison with other iron ores commonly used for sintering purposes. However, almost all iron ores classified as sintering ores exploited and exported from Ukraine have very high silica levels and the content of 8-10 wt % is typical. Besides silica, there are minor gangue constituents. The composition of the Zaporozhskiy ore is very similar even though the silica content is a little lower.
Alumina powder (99 wt % Al 2 O 3 , particle size: 100%, −0.063 mm) was used as an additional reagent to achieve high-alumina content that could not be obtained with the natural ores alone. All mixtures were fluxed with ordinary limestone and fueled with coke breeze (11 wt % ash, 0.8 wt % humidity). In addition to the overall analysis, the chemical composition of ore materials as a function of the size fraction was studied as well (Niton XRF Analyzer, Thermo Fisher Scientific, Waltham, MA, USA). Table 2 summarizes the contents of 1 size fractions of each ore and their chemical compositions. In all three cases, a similar trend is observed in which the finer the ore particles are, the richer in iron they are.
The most iron-rich ore from Carajás shows a gradual decrease in total iron content from~68 wt % in the finest to~63 wt % in the coarsest fraction. At the same time, the contents of the components CaO, SiO 2 , and MgO increase. The Al 2 O 3 content is elevated within the finest and coarsest particles (about 1 wt %), and the minimum is reached within the +2-3.15 mm fraction (0.53 wt %).
In the Sukha Balka ore, significant differences appear between the fine and coarse particles. The Fe total content gradually decreases by 17 percentage points from~65 wt % in the finest to 48 wt % in the coarsest due to the silica content, which reaches more than 17 wt % in the fraction +8 mm. The finest fraction −0.063 mm contains less than 5 wt % of SiO 2 . Because of the almost evenly distributed fraction ratios, the overall silica content of the Sukha Balka ore practically corresponds to the average value. A remarkable feature is the peak content of Al 2 O 3 in fractions +0.125-0.5 mm at the level of~1.7 wt %.
Similar to the Sukha Balka ore, in the sample from Zaporozhskiy, the iron content decreases significantly with coarsening of the ore particles. However, the decrease is not so pronounced, from~64 to~59 wt % of Fe total . Furthermore, the spread of the SiO 2 content is less distinct. The particles −0.5 mm contain more Al 2 O 3 and CaO,~1.5 and~0.8 wt %, respectively.
The distribution of the chemical components within the mineral phases in the studied ores is one of the topics of the present research and it will be further investigated. The ores were blended into sintering mixtures to produce three compositional grades: (i) an iron-rich mixture SM-F (60.25 wt % Fe in final sinter), (ii) a high-alumina mixture SM-A (4.92 wt % Al 2 O 3 ), and (iii) a high-silica mixture SM-S (9.31 wt % SiO 2 ). Fluxing with limestone was set to achieve a binary basicity CaO/SiO 2 = 2. The blending scheme is shown in Table 3 . Because of the extraordinary low silica content of the samples from Carajás, which is very unusual for industrial sintering, some Zaporozhskiy ore was added to the SM-F mixture. This was meant to subsequently support the formation of secondary phases during sintering. In the SM-A blending, a mixture of Carajás and Zaporozhskiy ore was used with the addition of alumina powder. The selection of the alumina source in a fine form was based on the high concentration of Al 2 O 3 in the sintering ore fines, rather than in the coarse ore particles [25, 26] . The SM-S sintering mixture consists only of the Sukha Balka ore, fuel, and flux. This study focuses on examining coarse ore particle behavior as granule nuclei. Additionally, processes and phases formed in the adhering layer are of interest, so the fuel and fluxing agent, together with the alumina powder, were added as fine particles (−0.5 mm) to become part of the adhering layer, rather than nuclei particles of granules. In contrast to the industrial process, no return sinter was blended into the mixtures. For this reason, higher coke levels were used. For the SM-A mixture, even more coke was blended in because of the high alumina content, which deteriorates the sinter melt behavior by increasing both the melting temperature and viscosity [27] .
All mixtures were prepared for sintering by means of granulation in a pelletizing disk by adding sufficient amounts of water (~7.5 wt %).
Sintering
Sintering trials were carried out in a laboratory sintering pot designed as a tube with a circular diameter of 100 mm and height of 250 mm while the height and diameter of the green sintering mixture column were 200 and 80 mm, respectively. Magnetite fines were used in the form of an annular layer for the sidewall insulation. As a hearth layer, +10-20 mm sinter was used. On the top, a thin coke breeze layer was added to support the ignition. The mixtures were ignited with a gas burner for 90 s under 2 kPa suction. Subsequently, a working suction of 5 kPa was maintained. During the sintering, the thermal profiles were recorded with a PtRh10-Pt thermocouple installed in the middle of the sinter bed and a NiCr-NiAl thermocouple in the wind box. The sinter pot arrangement is illustrated in Figure 1 . A comparison of the time-dependent sintering temperature profiles of the mixtures is given in Figure 2 . Sintering of the mixtures SM-S and SM-F behaved very similarly. The difference was only in the maximum temperature, which was lower in the case of SM-S. The same coke amount was added into both SM-S and SM-F mixtures. However, more energy was consumed in the high-SiO 2 mixture in decomposing the large amount of limestone. The highest peak temperature was reached in sintering the SM-A mixture, where the highest level of coke was added. In addition, the temperature profile of the high-Al 2 O 3 mixture is clearly broader, which indicates a broad flame front. Temperature profiles recorded during pot sintering. Higher curves apply for the thermocouple in bed and lower for off-gas.
Analytical and Evaluating Methods
Raw ore samples were examined using a Derivatograph C/PC thermal analyzer (MOM, Budapest, Hungary). Samples ground to −40 µm were each placed in an alumina crucible and heated in air from room temperature up to 1000 • C using a heating rate of 10 • C/min.
Fresh sinter cakes from the laboratory pot were shattered to get smaller pieces of the sinter. For mineralogical examination, representative samples from each iron ore and sinter cake were taken by quartering until a sufficient amount of the sample (approximately 40 g) was reached. At least two samples were taken from each sinter. These were prepared by mounting into epoxy resin and polishing. First, the basic observation of the samples was carried out with a Leica DM4500P optical microscope (Leica Camera AG, Wizlar, Germany). Afterwards, a MIRA3 TESCAN (TESCAN, Brno, Czech Republic) scanning electron microscope with Energy Dispersive Spectroscopy (EDS) (Oxford Instruments, Abington, UK) was used for detailed determination of the phase compositions. Note that, for hydrated minerals, the EDS calculations do not include the structurally bonded water. For magnetite and ferrites, all iron was calculated as Fe 3+ , while, for glass, wüstite and silicates as Fe 2+ .
Additionally, X-ray Powder Diffraction (XRD) was applied for the phase analysis of the fresh sinter cakes. A representative sample of each type of sinter was first crushed into coarse fragments, which was followed by grinding in a McCrone Micronizing Mill. With about 0.5 g of each powdered and homogenized sinter cake, a powder diffraction experiment was carried out. The experiments were accomplished with a Stoe MultiPurpose Diffractometer System in Bragg-Brentano configuration (University of Innsbruck, Innsbruck, Austria), which was equipped with a primary beam Ge(111)-monochromator to ensure Co-Kα 1 radiation and a Dectris Mythen 1K Detector (DECTRIS Ltd., Philadelphia, PA, USA). The X-ray tube was operated with 40 kV and 30 mA. Diffraction data from each sample were collected at an ambient temperature in a sequence of eight measurements with a 2θ range between 2 • and 140 • , a step size of 0.015 • , and an exposure time of seven hours in total. The obtained diffractograms of the measurements were summed and used for phase identification with the software DIFFRAC plus Evaluation Package (version 4.2.1, Bruker: Billerica, MA, USA) [28] in combination with the ICDD PDF-4+ database (2018) [29] . Furthermore, Le-Bail-fits were performed with TOPAS 4.2 (Version 4.2, Bruker: Billerica, MA, USA) [30] . For the modelling of the peak profiles, a Thompson-Cox-Hastings profile function [31] was employed. The background curve was simulated with sixth-order Chebyshev polynomials.
Thermodynamic calculations of the reaction heat were performed using the HSC Chemistry software (Version 5, Outokumpu Research Oy, Pori, Finland).
Results
Ore Mineralogy
The behavior of the ores during heating was studied using thermogravimetric analysis (TG) in air, as shown in Figure 3 . From the chemical composition shown in Table 1 , very low FeO contents suggest that the iron in ores occurs mainly as hematite, while higher ignition losses indicate the presence of goethite. This was confirmed by the TG analysis, where distinct weight loss in the temperature range of 250 • C to 350 • C was observed. The goethite content in the Carajás ore can be estimated at~15 wt % following the TG analysis. Moreover, though only slight, the curve shift indicates the oxidation of a low amount of magnetite, which applies for the Brazilian as well as both Ukrainian ore samples. The Carajás iron ore consisted mainly of different morphological varieties of hematite. The most widespread was martite, which commonly comes with sharply-shaped crystals in which traces of magnetite were still observable. The martite crystals may appear as a component of mixed ore grains cemented with very fine crystalline porous hematite aligned in bands (Figure 4a ). The phase assemblage of residual magnetite (pink-brown) together with vitreous goethite (gray) replacing the martite mass formed within the martite crystals (white) (Figure 4b) .
As mentioned by the TG analysis, there was a significant amount of goethite present in the ore from Carajás, which also appeared in a massive, circular form enclosing the martite phase. Less common was microplaty hematite appearing in clusters (Figure 4c ). Gangue minerals were present as single grains, rather than combined with iron-based crystals.
Coarse grains of Sukha Balka ore clearly showed the typical banded iron formation microstructure with alternating hematite (white) and quartz (dark grey) layers (Figure 4d ). The hematite bands consisted of martite crystals (white and light gray) with magnetite traces (pink-brown) (Figure 4e ), which sometimes comes with larger subhedral aggregations (Figure 4f ). The quartz bands exhibited porosity.
Similar to Sukha Balka, regular hematite/quartz banding was characteristic for the Zaporozhskiy ore. On the other hand, the mineralogy of smaller grains was much more variable in the latter. The different-sized martite grains were complemented with a spectrum of microplaty hematite and specularite with voids between the crystals (Figure 4g ). Whole ore grains consisted of bands of massive martite and (rounded) specularite, which was partially combined with fine martite showing magnetite traces (Figure 4h ). The presence of ochreous goethite (various shades of brown) was unique such as having embedded martite and fine hematite crystals (white) (Figure 4i ). Furthermore, in larger ore grains, quartz was almost always bonded with hematite. In smaller-size fractions, the gangue appeared as single grains. In both Sukha Balka and Zaporozhskiy ores, some subhedral pyrite crystals (about 100 µm) were observed. Table 4 . Although the gangue components in the Carajás ore were minor, there was a wide distribution of different phases. Chemical examination of a goethite grain is presented in Figure 5a . As shown, there were more goethite varieties, which differ from each other due to the concentration of the impurity constituents. On the right, there are layers of thin ochreous goethite alternating with thicker vitreous goethite with varying contents of Al 2 O 3 , SiO 2 , TiO 2 , and P 2 O 5 , where, except for SiO 2 , the impurity content decreases toward the grain center. The crystal shapes are defined by martite edges, while the rest of the crystals were partially replaced with goethite. The last one mentioned was the purest goethite type, with only minor SiO 2 contents, which was present almost homogeneously in all goethite layers. Besides Al-Ti-Si-P-bearing goethite, the following typical gangue minerals were detected using EDS: gibbsite Al(OH) 3 , rutile TiO 2 and quartz, which was the main gangue mineral phase (Figure 5b,c) . Table 5 . The regular martite/quartz banded microstructure within the Sukha Balka ore was supplemented with Si-Al-P-bearing ochreous goethite. Another Al 2 O 3 source in the form of kaolinite Al 2 Si 2 O 5 (OH) 4 was also identified (Figure 6a ). In the case of Zaporozhskiy ore, chlorite (Fe,Mg,Al) 6 (Si,Al) 4 O 10 (OH) 8 minerals were the carriers of SiO 2 , Al 2 O 3 , and MgO. The platy morphology of chlorite occurring together with microplaty hematite and quartz is shown in Figure 6b ,c, respectively. In addition, phosphorus P 2 O 5 in the form of hydroxylapatite Ca 5 (PO 4 ) 3 (OH) was also detected (Figure 6b ).
Iron-Rich Ore Sinter
For the SM-F mixture, two sintering ores with different characteristics were used including Carajás and Zaporozhskiy iron ores. The textural features related to these ores were also studied. The latter is only in the minor quantity. A large quartz particle (as part of the hematite/quartz alternating bands) was identified within the SM-F sinter sample in Figure 7a where the relationship between the unreacted siliceous core and the associated sinter matrix is observed. As shown, the quartz was thermally affected but not assimilated. Thus, the nucleus boundary is sharp, as indicated by the element distribution maps. The sinter matrix consisted of magnetite with its glassy phase as an intercrystalline space filler, which also accumulated CaO. However, the very low basicity did not allow any other phase to form other than the one mentioned. The magnetite/glass microstructure also dominated the contact area of Carajás coarse ore and the related sinter matrix in Figure 7b . Some martitic hematite was present. In contrast to the Zaporozhskiy ore relict, the Carajás core seemed to be fully reacted. All hematite was reduced to magnetite, and CaO was also part of the glassy phase within the formerly coarse ore particle. The Al 2 O 3 concentration was higher in the surrounding sinter matrix, rather than within the assimilated coarse ore. Lastly, the basicity of the sinter matrix was higher compared to the nucleus with 0.8 to 0.4, respectively. In general, the boundary of the coarse ore mass was not pronounced and could only be defined by its chemical and phase composition. The most obvious characteristic of the Carajás ore in the sinter consisted of clusters of larger pores close to each other.
The photomicrograph in Figure 7c shows a region where smaller Carajás ore particles were assimilated. In this scenario, the sinter matrix with the highest basicity of about 1.5 consisted of anhedral SFCA prisms among the magnetite crystals with glassy filling and some martitic hematite on the edges. From the chemical point of view, the distribution of Al 2 O 3 was the most interesting. The sources were the aluminous ore particles, which also enriched the areas in their vicinity. There were also some elongated crystals of gehlenite Ca 2 Al(Al,Si)O 7 in the alumina-rich regions.
The average chemical composition of the secondary phases analyzed in the sinter matrix is summarized in Table 6 . Secondary magnetite incorporated small amounts of CaO, SiO 2 , Al 2 O 3 , and MgO, while a very small volume of martitic hematite was almost without any impurities. Note that the glass near the quartz from the Zaporozhskiy ore relict consisted of 90 wt % SiO 2 with small amounts of CaO and traces of iron oxide. Titanium and phosphorus, which are typical elements for the Carajás ore, were identified only in the glass. The XRD phase analysis of SM-F (Figure 8 ) identified magnetite and hematite as the major sinter phases. Distinct crystallinity is presumed due to the sharp and well-defined peaks of both phases. The slightly unlabeled peaks in the 2θ range from 30 • to 45 • provides an indication of the presence of SFCA. However, no decisive correlation of these peaks to a certain phase could be confirmed. 
High-Alumina Iron Ore Sinter
Similar to SM-F, in the SM-A sinter, the impact of the two ores was investigated. The microstructure of the Carajás assimilated coarse ore is shown in Figure 9a . The Carajás coarse relicts showed higher porosity, which is a typical feature. Because of the full assimilation, there were only small differences in the chemical composition between the assimilated coarse ore and the sinter matrix. Deep inside the former nucleus, calcium ferrites were present together with the glass. Besides porosity, the Al 2 O 3 concentration also determined the coarse ore boundary, which was lower compared to the related sinter matrix. The other ore type relict from Zaporozhskiy also showed a higher assimilation level (Figure 9b ). Besides SiO 2 , the CaO and Al 2 O 3 concentrations were also elevated in the marginal parts of the nucleus ore particles. Magnetite bands as relicts of the former hematite (martite) arrangement together with SFCA in the glassy matrix built up the microstructure. A preserved hematite region was observed in the ore core, where the microplaty habitus was distinguishable (not seen in the figure) . In this case, no large quartz particles were found. The rest of the sinter matrix in Figure 9b consisted of a magnetite-SFCA phase assemblage. The microstructure with a ferrous ore core reduced to wüstite is presented in Figure 9c . Wüstite was accompanied only with glass, which accumulated CaO, SiO 2 , and Al 2 O 3 . The highest Al 2 O 3 concentration was observed in the sinter matrix within the magnetite and the glass phase. After the magnetite transition zone, SFCA crystals formed in the area with the highest CaO concentration. Despite the high temperature reached in sintering, some SFCA-I crystals, known as the low-temperature ferrite type, were preserved in the microstructure of the SM-A sinter. As illustrated in Figure 10a , they were always part of the SFCA/SFCA-I phase assemblage, where the thin SFCA-I crystals were coated with SFCA [32] . In addition to the previously mentioned phases, gehlenite Ca 2 Al(Al,Si)O 7 formed in the alumina-rich areas together with magnetite as the main phase (Figure 10b ). The basicity of these areas was about two, and the content of Al 2 O 3 and CaO was almost the same at~16-17 wt %. A further peculiarity of the SM-A sinter was the presence of reduced phases. Wüstite and traces of metallic iron were identified.
Examining the chemical composition of the phases in the SM-A sinter (Table 7) , elevated contents of alumina were detected in other phases as well. In addition to its iron oxide components, magnetite also contains larger amounts of CaO, MgO, and Al 2 O 3 , and, in this case, the highest content of alumina reached 3.3 wt %. Wüstite was present only in a few areas and accumulated significantly lower alumina, but more than 1 wt % MgO on average. The SM-A sinter matrix was rich in SFCA phases of which two compositional types formed with Al 2 O 3 contents of about~6 and~10 wt %. The latter was also richer in SiO 2 . A few analyzed SFCA-I crystals were also higher in alumina, up to 5.6 wt %. The chemical composition of the glass was highly dependent on the local conditions, and, therefore, two types are presented in Table 7 . While the first collected more minor gangue impurities with only limited alumina content, the second was of high-alumina nature (analyzed in the wüstite area in Figure 9c ). The phase composition of SM-A determined by means of XRD ( Figure 11 ) confirmed the major phases of hematite and magnetite, and also another iron oxide, wüstite. The presence of larnite and quartz was detected as well. SFCA and SFCA-I could not be clearly identified, but their occurrence is assumed due to the unmarked low intense peaks in the 2θ-range between 10-15 • and 30-45 • . 
High-Silica Iron Ore Sinter
During sintering of the SM-S mixture, the impact of Sukha Balka coarse ores was studied. A coarse ore particle with preserved hematite/quartz bands is shown in Figure 12a . In the original hematite band, an approximate 200 µm thick layer, which was reduced to magnetite was observed in the vicinity of the sinter matrix. Towards the sinter matrix, another thin layer of calcium ferrites formed a transition zone. In the quartz band, a~150 µm thick layer of thermally-affected quartz without porosity was followed by a very thin hematite-magnetite-pseudo-wollastonite layer. In contrast to the marginal parts, the bulk of the ore was porous, and the voids between single quartz grains were especially well observed. Some Al 2 O 3 was mixed into gangue phases in the bulk of the ore. The sinter matrix was dominated by calcium ferrites: SFCA, SFCA-I, and dicalcium ferrite supplemented with dicalcium silicate. In the upper left corner of Figure 12a , traces of assimilated limestone particles caused high basicity of about~10. In addition, the presence of MgO was detected (occurring in regions with the lowest Fe signal). The siliceous transition zone polished along the ore surface in Figure 12b seemed to be fully reacted, which was also confirmed by the CaO distribution throughout the whole scanned area. This consisted of a mixture of silicates with elongated kirschsteinite CaFeSiO 4 crystals, square-shaped iron-calcium olivine (Ca,Fe,Mg) 2 (Si,Al)O 4 , and secondary magnetite crystals, which were also distributed among the silicates in the bulk ore. The related sinter matrix consisted of calcium ferrites (Ca 2 Fe 2 O 5 , SFCA), larnite, and magnetite. Another silicate-based transition zone is shown in Figure 12c , where the ore core still consisted of quartz. Tabular iron-calcium olivines (Ca,Fe,Mg) 2 (Si,Al)O 4 crystallized subhedrally in the pores of the marginal ore part. The assimilated ore boundary was made up of secondary magnetite. The SFCA phase supplemented with larnite dominated the surrounding sinter matrix. However, the SiO 2 distribution map shows strict SiO 2 presence only within the silicates while the SFCA spots are almost silica free. SEM micrographs of the SM-S sinter. B-CaO/SiO 2 , C2F-dicalcium ferrite, F-SFCA, G-glass, H-hematite, K-kirschsteinite, L-larnite, M-magnetite, O-Fe-Ca-olivine, P-pore, Q-quartz.
Furthermore, in the transition zone, other silicates were identified as well (Figure 13a) . Instead of the olivine phase, pseudo-wollastonite CaSiO 3 was the abundant compound supplemented with fine magnetite and dendritic hedenbergite. There were three different identifiable zones including the unreacted core, which is the penetrated area, and, at the same time, the reduced zone, and the rest of the sinter matrix. The layers formed during the coarse ore assimilation process are observed in Figure 13b . In this scenario, no quartz band was present. As seen, only the marginal parts were reduced from hematite to magnetite, but the whole ore body was clearly affected. Large cracking occurred throughout the ore body during the sintering.
In the sinter matrix, which was mostly of higher basicity, four calcium ferrite types were identified, which are also listed in Table 8 . There were fewer SFCA-I crystals with higher MgO content in the SM-S sinter. Dicalcium ferrite, mostly in an anhedral form, crystallized as the matrix phase and accumulated some SiO 2 and Al 2 O 3 . For SFCA, which was the most widespread calcium ferrite type in the SM-S sinter, two compositional types were found. In the first, high Fe 2 O 3 and CaO contents were typical, while other constituents were only minor. Both Al 2 O 3 and MgO were below 1 wt %. No SiO 2 was detected in most analyses. This SFCA appeared in a phase assemblage together with magnetite, dicalcium ferrite, and larnite in areas with a basicity of about 3.5 (Figure 13c ). Similar to other ferrites, this type had prismatic morphology. The second SFCA type accumulated much more silica and alumina, 7.6 wt % and 3.8 wt % on average, respectively. It crystallized together with magnetite and glass and was the richest in SiO 2 . The basicity of these regions was significantly lower compared with the former including having values of about 1.5 ( Figure 13d ). In addition, mono-calcium ferrite crystals crystallized at points with local basicity of 6.3 ( Figure 13e ). According to the phase analysis performed with XRD, SM-S consisted of hematite, magnetite, brownmillerite, larnite, and quartz ( Figure 14) . SFCA and SFCA-I could not be clearly identified, but, in this case, both phases were probably related to the unlabeled peaks with low intensity in the 2θ-range from 30 • to 45 • . 
Discussion
Conditions for Primary Melt Formation and Ore Assimilation
Considering the non-uniform distribution of chemical constituents within the ore size fractions, there were different conditions for phase formation during the sintering process. In line with this fact, granule structures typical for each mixture are illustrated in Figure 15 . The composition of nuclei represents the overall composition of nucleus-sized particles in each mixture. Regarding the coke located in the adhering layer and the large interfacial area caused by fine particle size of both ore and limestone, the adhering layer is the place where the initial solid-state reactions and primary melting take place.
In fact, there are different suggestions in the literature regarding what particle size should be considered as the border between adhering and nuclei particles [33, 34] . Nevertheless, the reactivity of the fines must also be taken into account. For purposes of this study, the particles of −1 mm were considered the adhering fines for all of our sintering mixtures. The estimated chemical composition of the adhering layer of granules in each mixture is shown in Table 9 . Furthermore, establishing useful basicity is of interest in order to predict the sinter reaction and melting characteristics, as mentioned in the work of Clout and Manuel [35] . The basicity of the sintering fines determined the useful basicity (Table 9) , while the impact of the coarse ore particles is limited only to their surface part. For better understanding of the primary reaction mechanisms, only the adhering fines were plotted into the CaO-Fe 2 O 3 -SiO 2 (CFS) phase diagram. Because the sintering process could be divided into two stages, according to the temperature and atmosphere, the CFS system in the reducing atmosphere pO 2 = 5 × 10 −3 atm (Figure 16a) represents the heating stage with reducing gases from the fuel combustion, and the CFS system in air (Figure 16b ) the cooling stage with sucked fresh air. (The diagrams choose correspondence to the major chemical components of the adhering fines and the current described systems. Unfortunately, there is no CFS system in reducing the atmosphere with Al2O3 participation in the current literature. Therefore, only CFS were used.) Primary melt formation paths will be discussed below, together with the specific ore assimilation behavior. 
Iron-Rich Ore Sinter
As shown, the iron-rich mixture SM-F is located in the iron oxide stable region, which consists of hematite in the early stages. Hematite decomposes to magnetite at a temperature of 1457 • C:
Because this temperature was not reached in the sinter bed (peak temperature measured: 1289 • C), the hematite-magnetite transformation was strongly promoted by using the reducing atmosphere during the fuel combustion:
However, during this process, the magnetite crystals remained in the solid state. Therefore, the primary melt formation was limited to reactions resulting in CaO-SiO 2 -Fe 2 O 3 /FeO(-Al 2 O 3 ) slag phase formation, which solidified as glass in the final microstructure. According to the diagram in Figure 16a , the melt phase should be rich in iron. Presence of SFC (SFCA) was limited in the reducing atmosphere. However, the glass that solidified in the final microstructure contained only 17 wt % FeO, which indicates precipitation of new magnetite (and SFCA) crystals during cooling (Figure 16b ). The main bonding mechanism besides the intergranular glass was the magnetite recrystallization bond (grain to grain), for which a high bed temperature is necessary. This microstructure with high iron content more closely resembles the typical blast furnace pellet microstructure, where limited ferrite or silicate based bonding phases occur. Because of the inhomogeneity of the limestone distribution within the granules (despite careful laboratory mixing and homogenization), calcium ferrite-based melt formed as well. The Al 2 O 3 distributed in the Carajás ore fines supported SFCA formation. The potential loss of fine-grained limestone particles during the granulation stage should be taken into account. For this reason, significantly lower useful basicity was observed.
The martite-goethite ore, playing a nucleus role within the granules, was always fully assimilated in the sinters. Depending on the adhering layer's chemical composition, migration of Ca 2+ ions caused the formation of glass (rarely SFCA) in the bulk ore (Figure 17a) . The original porosity of the Carajás ore as well as the goethite dehydration created a very porous ore body during sintering, which considerably promoted the primary melt penetration as well as Fe 3+ →Fe 2+ reduction by the gaseous reductant [37, 38] . Consequently, almost the entire coarse ore volume was assimilated/reduced and the single remaining sign of the coarse ore presence was the typical clustered porosity (as presented in Figure 7b ). In the case of dense martite-quartz ore, the insufficient volume of melt was not able to penetrate the nucleus ore particles and only wetted the ore surface. Due to coke combustion close to the nucleus surface, the layer of martite was reduced to magnetite and thermally affected quartz formed, as depicted in Figure 17b . As a consequence, the Zaporozhskiy coarse ore without secondary bonding phases weakened the sinter body. However, the low blending ratio of the Zaporozhskiy ore compensated for this negative impact. 
High-Alumina Iron Ore Sinter
Although the starting composition of SM-A adhering fines could be plotted almost within the same "magnetite + melt" field of the CaO-Fe 2 O 3 -SiO 2 system as the SM-F sample (Figure 16a) , the former high alumina content must be considered because it highly promotes the formation and stabilization of calcium ferrites [39] . The adhering fine composition of the SM-A mixture is very close to the starting composition of the mixture used for SFCA synthesis in the work of Webster et al. [40] , where formation of dicalcium ferrite and subsequent monocalcium ferrite in the solid state initialized the sintering reactions: 
As can be seen from the reaction heat of the dicalcium aluminoferrite formation (Equation (4)), the exothermic energy released during the reaction is lower than that in the pure dicalcium ferrite formation (Equation (3)). Therefore, a heat deficit occurred compared with the low-alumina sintering. Furthermore, increasing content of Al 2 O 3 also increased the melting temperature of SFCA and, thus, the heat demand for primary melt formation [36] . At the same time, the high-alumina content in iron ore sinters is associated with high viscosity of the melt [41, 42] . This is more significant than the SiO 2 influence because of the calcium ferrite-based melt formation process. While Al 2 O 3 enters the calcium ferrite reactions from the start, SiO 2 remains inert for a certain period and then dissolves slowly [40] . Furthermore, higher Al 2 O 3 concentration and finer size distribution in comparison with SiO 2 particles favored the alumina solution. Due to the high coke content in the SM-A mixture, elevated temperatures (peak: 1420 • C) were reached during sintering. In addition, wide combustion and sintering zones provided sufficient conditions for melting and longer dwell times of the materials at the highest temperatures. Compared with SM-F and SM-S, the reaction time above 1100 • C for SM-A was approximately 1.7 and 2.4 times longer, respectively. Upon cooling, the SM-A adhering fines belonged in the part that was compositionally almost ideal for the stable SFCA in the final microstructure (Figure 16b ). However, in the sinter samples, the reduction degree was too high. Stable magnetite and wüstite prevented larger SFCA formation.
The assimilation of the martite-goethite ore proceeded in a very similar way to the previously discussed SM-F sinter. The difference was in the penetrating melt, which was of higher basicity, and, thus, large volumes of SFCA crystallized between the magnetite crystals in the ore bulk. Again, the elevated natural porosity and porosity triggered by goethite decomposition enabled advanced assimilation of the Carajás ore (Figure 18a ). In the banded martite-microplaty hematite core, the intercrystalline pore space enabled both reduction and melt penetration. However, this was not as intense as in the martite-goethite ore. In this case, unassimilated but thermally affected hematite cores were surrounded by two large transition layers, reduced to magnetite, and penetrated by melt. However, the migration of Al 3+ was mostly limited due to the increased melt viscosity, because of the situation presented in Figure 9b . A larger area with higher participation of Al 2 O 3 , SiO 2 , and CaO, all together with the iron oxides, was analyzed (the overall local composition was 64.2 wt % Fe 2 O 3 + FeO, 16.4 wt % CaO, 11.6 wt % SiO 2 , and 7.9 wt % Al 2 O 3 ). Admittedly, there could be an alumina source at the coarse ore nucleus edge, but the Al 3+ cations were propagated over a larger area into the nucleus, as well as the surrounding sinter matrix. The viscosity of the melt within the Al 2 O 3 -CaO-SiO 2 system increases in line with the silica content, but accompanying Fe x O (a result of the reducing atmosphere) significantly decreases the penetrating melt viscosity, which is a possible explanation for the easier propagation of Al 3+ under the previously mentioned conditions [43] . This case is illustrated in Figure 18b . In Figure 16a , the SM-S adhering fines are situated at the boundary where larnite and dicalcium ferrite are the stable phases. Prior to the associated reactions, decomposition of a large amount of limestone took place:
CaCO 3 = CaO + CO 2(g) ∆H
• 298 = 178.75 kJ (6) This was particularly true for the SM-S sintering. The heat demand for this reaction is clear from the temperatures reached during the sintering of this mixture, which were the lowest from all sintered compositions. The formation of larnite is also more favorable in energy terms compared with dicalcium ferrite formation (Equation (3) Various calcium ferrites and dicalcium silicate crystals dominated the final microstructure of the SM-S sinter. Again, besides silicates, Al 2 O 3 in the mixture supported the formation of calcium ferrites. Some researchers have suggested that the formation of silicoferrite of calcium and SFCA is a result of the larnite, hematite, and monocalcium ferrite reaction [44, 45] . As shown in the FCS diagram in air (Figure 16b ), besides larnite, no other phase was stable at 1270 • C in the solid state, which indicates that all other phases precipitated out from the melt. Although the measured bed temperature reached only 1190 • C, the eutectics near the projected SM-S fines composition allowed melting at around this temperature. During cooling, crystallization of the eutectic compounds dicalcium ferrite, dicalcium silicate, and SFCA occurred. The position of the SM-S fine mixture in the diagram in Figure 16b , far from the ideal SFCA composition, could be an indication regarding why specific high-Ca low-Si-Al SFCA dominated the microstructure instead of an SFCA with ordinary composition.
The assimilation of the Sukha Balka ore was characterized by the simultaneous presence of dense martite and coarse quartz grains:
1.
The behavior of coarse quartz depended on the composition of the adhering fines:
• At low useful basicity, the adhering fines did not generate sufficient primary melt to penetrate into the quartz core. The thermal impact on the original quartz mass with microvoids between the crystals did not increase the porosity but homogenized the quartz crystals into a dense mass without pores, which did not allow any penetration of the primary melt. The transition zone was, therefore, missing.
•
Primary melts with higher basicity penetrated into the quartz or martite surface by forming a thin transition layer. Depending on the useful basicity, two phase assemblages formed ( Figure 19a ): (9) where the free FeO formed an additional secondary magnetite. Equation (8) involves phases with idealized stoichiometry. Due to lack of thermodynamic data, kirschsteinite was used instead of iron-calcium olivine for the heat reaction calculation. Equation (9) is in agreement with the formation of phases in penetrated areas observed in other studies [46, 47] . In both cases, melt penetration was exothermic in character due to the formation of (iron-)calcium silicates.
2.
When the primary melt penetrated the martite core, SFCA formed on the boundary (Figure 19b ). In Section 3.4, larger transition layers and coarse, fully reacted siliceous cores were observed, e.g., in Figure 12b . On the one hand, smaller particles show higher assimilation rates, but, on the other hand, because of different sectioning of the samples, only the surface of the coarse ore particles could be shown on the micrograph, which is likely the case here. 
Secondary Phases
The secondary phases, which formed due to reactions in the solid state or by crystallization from the melt, are solid solutions rather than chemical compounds with a fixed chemical composition. The latter were almost only hematite and monocalcium ferrite, which appeared rarely in the sinters, including the first as re-oxidized magnetite and the second only in the SM-S sinter.
The compositions of the other phases reflected the specific chemical conditions in the three different sinters. Magnetite, as a typical phase hosting impurity, was purest in the SM-F sinter, which is in line with the expectations. In the SM-A and SM-S sinters, the ability to dissolve Al 3+ and Ca 2+ + Mg 2+ cations, respectively, was confirmed.
The crystalline phase with the most variable chemical composition was the SFCA. However, the alumina-richest SFCA was found in the SM-F sinter because of the higher local alumina accumulation from the Carajás ore. While the SFCA in the SM-A sinter was lower in Al 2 O 3 , it was more represented in the sinter matrix than in the SM-F. One of the reasons for this was the more even distribution of alumina in the sinter matrix. Despite the highest overall silica content adjusted in the SM-S sinter, the one SFCA type was a little poorer in SiO 2 than the SFCA crystals in the SM-A sinter.
As presented and discussed earlier, the chemical composition of ore fines, including the useful basicity, created conditions for the formation of phases quite different from the expected compositions. The calcium ferrites in the SM-S sinter were a special case. The main bonding phase was calcium ferrite with less than 1 wt % Al 2 O 3 and MgO and almost no SiO 2 . The average content of CaO (~19.5 wt %) was higher compared to the usual SFCA (~16-17 wt %), but lower than the theoretical CaO content of monocalcium ferrite CaFe 2 O 4 (28.1 wt %). In addition, mono-calcium ferrite was present in the SM-S sinter, which allowed easy distinction of both ferrites. The CaO content in calcium differrite CaFe 4 O 7 is only 16.4 wt %. Therefore, this phase would also seem to be implausible. At first sight, the presence of the unusual ferrite type with almost no impurity cations did not correspond with the complex calcium ferrites. However, after recalculation of the chemical composition determined from EDS analysis using the SFCA-compatible formula (X 2 Y 6 Z 6 O 20 → Ca 2 (Ca,Fe) 6 Fe 6 O 20 ), the discussed CaO content nearly reached the real EDS values. SFCA with this composition was also identified in the work of Zhang et al. [48] . However, in order to adequately answer the question of this unusual calcium ferrite type, more detailed research is necessary.
The detection of SFCA as well as SFCA-I and precise quantification of the present phases through application of XRD remains difficult. With the variable chemical composition of SFCA and SFCA-I affecting the lattice parameters of the phases, the related peak positions differ. Thus, the defined peak maxima belonging to specific (hkl) values do not occur. A Le-Bail fit with lattice parameters of SFCA described by Liles et al. [11] was performed on the SM-S mixture ( Figure 20) . As a result, correlation between numerous peaks in the range of 35 • -75 • 2θ and the used unit cell was deduced. Moreover, superposition of the peaks belonging to other phases present in the sinter was verified. Distinct peak positions for SFCA existed in the 2θ range of 10 • -15 • , which were confirmed by Liles et al. [11] in single-phase SFCA. In the diffractogram of SM-S, however, the intensity of the peaks concerned was insufficient. The peaks associated with mono-calcium ferrite, which could be helpful for identifying SFCA with unusual composition that were not detected. The impurity-bearing phases (mostly hydrates) identified in the raw ores were probably easily dissolved by the secondary phases due to the cracks produced by dehydration. Additionally, the total amount of minor components such as TiO 2 or P 2 O 5 was too low to form unique phases.
Some Implications for the Commercial Sintering
The use of fine-grained limestone highly promotes its assimilation since no coarser white grains remained in the final sinter microstructure, as either original limestone or calcined lime. These are the points, which weaken the sinter because of insufficient strength and/or by sinter cracking caused by hydration and a subsequent volume increase. The disadvantage of fine limestone blending is the material loss during the granulation stage.
The gangue distribution within the granulometric fractions of ores determines the active reaction system during sintering. Identification of the gangue particle size within ores helps in understanding the key sintering reactions and enables better control of the sintering mechanism.
The coarse quartz particles from high silica ores appear as unassimilated coarse grains in the final sinter. The overall sinter basicity, therefore, does not describe the active reaction system by forming melt and secondary phases. For this, the value of useful basicity is needed. The high-SiO 2 sinter matrix consists of iron oxide-calcium ferrites-calcium silicate phase assemblage, which bonds the coarse nucleus ores well.
By blending coarser limestone or dolomite, the useful basicity decreases and more iron-calcium silicates form in the matrix, as presented in the earlier study [47] .
Alumina gangue blended in fine form (in sinter plants as a part of the fine ore) is highly reactive and promotes the formation of SFCA. The positive effect of the large surface area is similar to the dehydrated gibbsite. Using porous iron ores with goethite, the admixture facilitates primary melt penetration and causes advanced ore assimilation. However, the high coke breeze consumption is a significant disadvantage.
Conclusions
The ore assimilation and secondary mineral phases in iron-rich, high-alumina, and high-silica iron ore sinters were investigated with special attention paid to the conditions determined by the component distribution within the adhering fines and coarse ore particles. The conclusions are summarized below.
The chemical composition of iron ore across the size fractions significantly differs and has a large influence on the reaction system, which is practically defined by the chemical composition of adhering fines (including ore, fluxes, and fuel) acting as the adhering layer within the green granule.
The rich iron ore accompanying very low gangue content does not allow widespread primary melt formation. Iron oxide crystals bonded with the recrystallization bond or the intergranular glass with less SFCA dominate the final sinter matrix. Use of goethite-containing ores with additional natural porosity enables increased assimilation of the coarser ore particles and successfully eliminates the negative impact of a low primary melt volume.
High-alumina iron ores support the formation of calcium ferrites. However, high content of Al 2 O 3 in the reactive fines and subsequently formed SFCA increases the melting temperature and the viscosity of the primary melt. In spite of this, sufficient primary melt formation and advanced coarse ore assimilation occurred due to higher coke addition. The goethitic and porous nature of coarse ores is also significant since they both improve the penetration of the primary melt. The main Al 2 O 3 -collecting phase is the SFCA, but the Al 2 O 3 content locally differs. Additionally, an aluminous gehlenite phase forms in the sinter.
In the sintering of high-silica iron ores, the large amount of fluxing limestone consumes much of the heat from the fuel combustion. However, excessive primary melt forms due to the low-melting eutectic phases. The ultra-high useful basicity in high-silica sinter promotes the magnetite-calcium ferrites-calcium silicates sinter matrix. Because of the accumulation of SiO 2 in the silicates, more calcium ferrite types appear. Besides dicalcium ferrite, the SFCA phases are the most widespread form in several compositional varieties including the ordinary high-Si and an Si-free variety. The coarse quartz particles remain almost unassimilated, but are well bonded with the sinter matrix. 
